Single nucleotide polymorphisms (SNPs) found to be statistically significant when associated with human diseases, and other phenotypes are most often located in non-coding regions of the genome. One example is rs10765819 located in the first intron of the BNC2 gene previously associated with (saturation of) human skin color. Here, we demonstrate that a nearby intergenic SNP (rs12350739) in high linkage disequilibrium with rs10756819 is likely the causal DNA variant for the observed BNC2 skin color association. The highly conserved region surrounding rs12350739 functions as an enhancer element regulating BNC2 transcription in human melanocytes, while the activity of this enhancer element depends on the allelic status of rs12350739. When the rs12350739-AA allele is present, the chromatin at the region surrounding rs12350739 is inaccessible and the enhancer element is only slightly active, resulting in low expression of BNC2, corresponding with light skin pigmentation. When the rs12350739-GG allele is present however, the chromatin at the region surrounding rs12350739 is more accessible and the enhancer is active, resulting in a higher expression of BNC2, corresponding with dark skin pigmentation. Overall, we demonstrate the identification of the functional DNA variant that explains the BNC2 skin color association signal, providing another important step towards further understanding human pigmentation genetics beyond statistical association. We thus deliver a clear example of how an intergenic non-coding DNA variant modulates the regulatory potential of the enhancer element it is located within, which in turn results in alleledependent differential gene expression affecting variation in common human traits.
INTRODUCTION
Pigmentation of human skin is highly diverse between and within human populations; it varies in color, due to differences in type, amount and distribution of melanin pigment present in skin melanocytes, and it varies in skin type determined by its UV sensitivity (1). Many genes have been assigned to this highly complex and polygenic human trait (2) . With the latest genetic approaches, such as genome-wide association studies (GWASs), many single nucleotide polymorphisms (SNPs) from several genes were identified to be statistically significant when associated with variation in human skin pigmentation (3) (4) (5) (6) (7) . Among the most well-known and confirmed pigmentation genes are OCA2, HERC2, ASIP, IRF4, MC1R, TYR, TYRP1, SLC45A2 and SLC24A5 (8) . Recently, a candidate-gene approach study identified several SNPs that are suggested to be involved in skin pigmentation pathways, most notably rs10756819 located in the BNC2 gene (9) . Another SNP in this gene (rs2153271) was previously found to be associated with freckling (10) , and more recently BNC2 was also identified to be associated with skin pigmentation in East Asian populations (7) . Human skin color is widely assumed to have evolved in humans via adaptation to sunlight as a result of the Out-of-Africa migration of modern humans (11, 12) . Indeed, signatures of positive selection were successfully identified in several human pigmentation genes (13) (14) (15) , supporting this hypothesis. The BNC2 gene was most recently highlighted as one of the genes present in regions of the human genome that show increased levels of Neanderthal ancestry (16, 17) , suggesting that Neanderthals provided modern humans with adaptive variation for skin phenotypes involving BNC2 (17) . 5750-5762 doi:10.1093/hmg/ddu289 Advance Access published on June 10, 2014 many human tissues, including epithelial and germ cells. BNC2 consists of three separated pairs of zinc fingers, a nuclear localization signal and a serine-rich region. Due to its very high conservation status, the function of BNC2 is suggested to be essential. BNC2 is most likely involved in mRNA splicing or other forms of mRNA processing (18, 19) , but it has also been suggested to function as a transcription factor (20) . BNC2 has six promoters and at least 23 (alternative) exons, therefore theoretically resulting in a large number of almost 90 000 possible isoforms, encoding for over 2000 different proteins. The main human BNC2 isoform is predicted to encode a 1099 residue protein with a molecular mass of 122 kDa, but depending on the isoform this can vary tremendously (21) . BNC2 is detected in all layers of the human epidermis, where it resides in nuclear speckles (22) , while its paralog BNC1 is uniformly present in nuclei and was found to be confined to the basal cells of stratified squamous epithelia (22) .
BNC2 overexpression studies in mice were the first to implicate this gene in pigmentation. Mice mutants overexpressing bnc2 were characterized by melanocytic cell death, and subsequent loss of pigment at the base of the hair (23) . In addition, bnc2 knockout mice were shown to be lethal at the embryonic stage or within 24 h of birth, so that it has not yet been possible to study the role of bnc2 in mouse pigmentation (23, 24) . In zebrafish, the Bonaparte bnc2 mutant has a normal pigment pattern in adolescence, but the adult stripe pattern is severely disturbed due to extensive loss of pigment cells. Genetic analyses in zebrafish demonstrated that bnc2 acts non-autonomously to the melanophore lineage and that it is expressed in the hypodermal cells adjacent to pigment cells during adult pattern formation. The Bonaparte bnc2 mutants are truncated either just before the coding region of the first pair of zinc fingers, leading to the loss of all three pairs of zinc fingers, the NLS and the serine stripe, or it is truncated just after the first pair of zinc fingers, which leaves the protein with only one functional element, resulting in a milder pigment pattern phenotype (25) . Bnc2 is suggested to promote the development and survival of pigment cells in zebrafish by ensuring adequate expression of pigmentation genes like kitlg and csf1 (26) .
The exact role of BNC2, and in particular that of the pigmentation-associated BNC2 SNP rs10756819 in human skin pigmentation, has not yet been elucidated. Recently, two studies investigated the functional potential of pigmentationassociated SNPs in two other genomic regions, which led to the identification of enhancer elements regulating transcription of pigmentation genes with a pivotal role for the SNPs located in either a neighboring gene, i.e. HERC2 rs12913832 regulating OCA2 expression (27) , in an intron of the regulated gene itself, i.e. IRF4 rs12205392 regulating IRF4 expression (28), or intergenic, i.e. rs12821256 regulating KITLG expression (29) . In the present study, we used several molecular approaches in human skin epidermal tissue and cultured melanocytes to study the pigmentation status of BNC2, and the involvement of the associated SNP and its LD partners in the transcriptional regulation of BNC2 in particular. In multiple melanocyte cell lines derived from differently pigmented skin, as well as in epidermal skin samples from donors of different skin color phenotypes, we studied the expression of the BNC2 gene and its correlation with their pigmentation phenotypes and genotypes. We profiled the chromatin structure of the BNC2 region to identify potential regulatory elements using chromatin immune-precipitation (ChIP) of H3K27Ac (an active-enhancer mark) in combination with next generation sequencing (ChIP-seq) and ENCODE data. We provide evidence that a region upstream from the canonical BNC2 promoter acts as an enhancer regulating the expression of BNC2, and this transcriptional regulation is dependent on the allelic status of an LD partner of the pigmentation-associated SNP rs10756819. Furthermore, we also provide evidence for the presence of an alternative promoter that stimulates expression specifically of the C-terminal part of BNC2 that houses the functional elements (e.g. the zinc fingers, the NLS and the serine-rich region).
RESULTS
Differential BNC2 expression in skin epidermal samples and in melanocyte cell lines
To study the role of BNC2 in human pigmentation, and specifically the variation in the transcriptional regulation of this gene, we used a panel of 29 skin epidermal samples obtained from donors with different pigmentation phenotypes (12 dark and 17 light; see Supplementary Material, Fig. S1 for category separation), as well as a melanocytic cell system consisting of six commercially available primary Human Epidermal Melanocytes of neonatal origin. The melanocytes were derived from two different lightly pigmented donors (HEMn-LP22 and HEMn-LP89), from one moderately pigmented donor (HEMn-MP01) and from three darkly pigmented donors (HEMn-DP74, HEMn-DP80 and HEMn-DP83). The characterization of LP22 and DP74 was described previously (27) . In addition, HIrisPlex analysis (30) (32) , of DNA samples from the melanocytic cell lines confirmed the phenotypic information of the six melanocyte-cell donors provided by Cascade Biologics, as well as the phenotypic information provided by the donors of the skin biopsies via a questionnaire.
Our first aim was to ascertain the involvement of BNC2 in human skin pigmentation by investigating the transcriptional status of BNC2 in relation to the pigmentation phenotype of the skin epidermal samples. RNA and DNA were co-extracted from the epidermal layers, and mRNA levels of BNC2 in the individual skin epidermal samples were measured using quantitative (q) reverse-transcriptase (RT)-PCR. We observed higher expression levels of BNC2 in the dark skin-colored sample group as compared with the BNC2-expression levels in the light skincolored sample group (Fig. 1A , P , 0.002). However, the basal layer of the human epidermis consists of keratinocytes and melanocytes, in a ratio of 5:1; overall, the keratinocyte percentage in the epidermal layer is even higher ( 95%). Every melanocyte in the basal layer is associated with 36 keratinocytes in the epidermis using their dendrites to transport pigmentcontaining melanosomes to the keratinocytes (33) . Previously, it was shown that in zebrafish bnc2 is expressed in hypodermal cells adjacent to the pigment cells, thereby providing an important environment for pigment cell survival (25, 26) . Extrapolating from these results, it was recently suggested that BNC2 is Human Molecular Genetics, 2014, Vol. 23, No. 21 5751 involved in freckle formation in humans by signaling from keratinocytes to melanocytes (34) . In order to investigate whether the observed differential BNC2-expression signal in the skin epidermal sample set originates from either the melanocytic or the keratinocytic content, we measured the mRNA levels of BNC2 in our melanocytic cell line system and, in addition, in human keratinocytic RNA (HEKa, obtained from ScienCell, cat# 2115). This revealed that in humans BNC2 is expressed at least 10 times higher in melanocytes than in keratinocytes ( Fig. 1B , P , 0.002). Furthermore, the expression of BNC2 is higher in the dark and moderately pigmented cells, when compared with the expression of BNC2 in the light-pigmented cells (Fig. 1B , P , 0.00004). Expression levels of BNC2 were very low in MCF7 control cells as may be expected (Fig. 1B) . From these results, we conclude that the BNC2 gene is expressed in melanocytes, it is differentially expressed between light and dark skin epidermal samples, and this corresponds with the finding that BNC2-expression levels are higher in the dark-pigmented melanocytic cell lines than in the lightpigmented melanocytic cell lines. Furthermore, the expression of BNC2 is at least 10-fold higher in human skin melanocytes when compared with human skin keratinocytes, suggesting that BNC2 has a role in skin pigmentation from within the melanocytic unit of the human epidermis, which is cell autonomous for the melanocytes as opposed to what was suggested previously for zebrafish in which bnc2 acts on the pigment cells from the surrounding hypodermal cells (25, 26) . We therefore consider our melanocytic system a proper system for the investigation of the variation in transcriptional regulation of BNC2.
Allele-specific enhancer element upstream of the BNC2 promoter Jacobs et al. (9) recently identified a pigmentation-associated SNP rs10756819 in the BNC2 gene. This SNP is located in the first intron of BNC2 and is therefore not coding for an amino acid. Notably, the region surrounding rs10756819 is highly conserved suggesting functionality. High conservation of non-coding regions might be indicative of regulatory regions and previous studies have demonstrated a role for pigmentation-associated non-coding SNPs in modulating the activity of regulatory regions (27) (28) (29) . Therefore, we reasoned that the position of rs10756819 might coincide with a regulatory element that controls BNC2-expression levels. Regulatory elements in the genome are characterized by several hallmarks [reviewed recently by Shlyueva et al. (35) ].
To identify potential enhancer elements that regulate transcription of BNC2, we profiled the chromatin of the BNC2 region considering several datasets that represent features associated with regulatory regions: ChIP-seq analysis in the lightly pigmented melanocytic cell line LP22 and the darkly pigmented melanocytic cell line DP74 of acetylated histone H3 (H3K27Ac) (Palstra et al., manuscript in preparation), an active chromatin mark (36) ; DNaseI hypersensitive sites in epidermal skin melanocytes (37); ChIP-seq data for the transcription factor MITF in melanocytic cells (38) , MITF is the melanocyte master regulator (39); ChIP-seq data in MALME-3M melanoma cells for the transcription factor YY1 (40), a ubiquitously expressed transcription factor that was reported to play an important role in melanocyte development by interacting with the melanocyte-specific isoform of MITF (40); predicted melanocyte-specific enhancers (41) and Phastcons conserved elements inferred from 46 way alignments of placental mammals (42) . An overview of all tracks in the entire BNC2 region is shown in Supplementary Material, Figure S3 . The profile reveals several regions that contain potential enhancer features, both in and outside of the BNC2 gene. However, none of these regions with regulatory potential coincide with rs10756819 ( Fig. 2B) .
As rs10756819 was identified as a pigmentation-associated SNP by a candidate-gene approach that only used SNPs 
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Human Molecular Genetics, 2014, Vol. 23, No. 21 located within genes, and not in intergenic regions, we reasoned that rs10756819 might be in linkage disequilibrium with the actual causal DNA variant, which was not previously found due to the applied study design (9) . We therefore investigated the SNPs that are in high (R 2 . 0. Table S3a ); these so-called LD SNPs are located within a narrow frame of 70 kb overlapping the 5 ′ part of BNC2 ( Fig. 2A) . Notably, this LD region is overlapping the LD region of the freckling-associated SNP rs2153271 (10) . Most of the LD SNPs are not associated with any chromatin marks indicative of regulatory potential, although rs2153271 and rs10810650 flank a region of high H3K27Ac enrichment and (64) shows 100 kb window of the LD region containing the SNPs in linkage disequilibrium (R 2 . 0.6) with the pigmentation-associated SNP rs10756819 (hg coordinates chr9:16 840 877 -16 943 644). To investigate the chromatin for features of enhancer elements, the following tracks are included: ChIP-seq analysis in LP22 and DP74 of acetylated histone H3 (H3K27Ac), an active chromatin mark (Palstra et al., manuscript in preparation); DNaseI hypersensitive sites in epidermal skin melanocytes (37); ChIP-seq data for the transcription factor MITF in melanocytic cells (38) ; ChIP-seq data in MALME-3M melanoma cells for the transcription factor YY1 (40); predicted melanocytespecific enhancers (41) and Phastcons conserved elements inferred from 46 way alignments of placental mammals (42) . IGV genome browser shows (B) a zoomed-in frame of the region around the pigmentation-associated SNP rs10756819. No enhancer features can be detected in this region. In (C), a zoomed-in frame of the region around potential enhancer element the signals for H3K27Ac are differential between LP22 and DP74, a DNaseI peak is detected and an melanocyte-specific enhancer element is predicted here. Two SNPs are located in this region: rs10810657 and rs12350739.
Human
DNaseI hypersensitivity corresponding to the BNC2 promoter region ( Fig. 2A) . Interestingly, two LD SNPs, rs10810657 and rs12350739, are located in a region 14 kb upstream of the first and canonical BNC2 promoter (see Fig. 2C ), which is characterized by the presence of H3K27Ac peaks that are differential between LP22 and DP74, a melanocyte DNaseI hypersensitive signal and a strong conservation signal. Furthermore, an enhancer element was predicted within this region (41) (Fig. 2C) , indicating that this region might be an enhancer with one or two pigmentation-associated SNPs included. The rs12350739-A-derived allele is most common in Europeans (57%), very rare in Sub-Saharan Africans (1%), and absent in East Asians as is evident from the 1000 Genomes project data (43) . The rs10810657-A-derived allele, however, is found in all populations; its frequency is highest in Europeans (60%) and lowest in sub-Saharan Africans (13%) (43) . Remarkably, rs12350739 is classified as a "regulatory region variant", whereas rs10810657 is classified as an "intergenic variant" by the Sequence Ontology project (44, 45) . To study the functional potential of these two identified LD SNPs, we investigated the correlation between their genotypes and the BNC2-expression patterns of the skin epidermal sample set. DNA samples were used for genotyping of the three SNPs (Supplementary Material, Table S4 ), while expression levels of BNC2 were measured in the skin epidermis samples by quantitative (q) RT -PCR at exon 5 -6. We found a strong correlation between the expression levels of BNC2 and the genotypes of rs10810657 and rs12350739 ( Fig. 3B and C, P , 0.05). We also tested the pigmentation-associated SNP rs10756819 and found that the expression levels of BNC2 did not significantly correlate with the genotypes of this SNP (Fig. 3A) , supporting the observation that rs10756819 does not coincide with a region that contains regulatory potential for BNC2, and is therefore most likely not the causal variant for the variation in BNC2 transcription. Rs10810657 and rs12350739 are in high LD with each other (R 2 . 0.8, Supplementary Material, Fig. S4B and S4C and Tables S3B and C) ; therefore, combinatorial analysis of the rs10810657 and rs12350739 genotypes with the BNC2-expression levels resulted in a slightly higher significant correlation between the genotypes and the BNC2-expression levels ( Fig. 3D , P , 0.01).
Taken together, these data point towards the presence of a potential regulatory element 17 kb upstream of BNC2. This region includes two SNPs (rs10810657 and rs12350739) that are in high linkage disequilibrium with the pigmentation-associated SNP rs10756819. The expression levels of BNC2 correlate strongly with the genotypes of rs10810657 and rs12350739, suggesting that the region around these SNPs potentially acts as an enhancer element.
Characterization of the intergenic BNC2 enhancer rs12350739
Regulatory elements are characterized by open chromatin (46) . If the areas around the SNPs in this particular 217 kb region include enhancer elements, we should be able to detect accessible chromatin at these locations. We therefore used a commercially available assay that directly measures the accessibility of chromatin to nucleases (EpiQ-assay; Bio-Rad). This assay revealed (moderately) open chromatin in the area around rs12350739 in cell lines harboring the GG or GA genotype, whereas in the cell line with the AA genotype the chromatin was fully closed (Fig. 4A) . Remarkably, the area around rs10810657 was completely inaccessible in all cell lines tested (Fig. 4B ). Enhancer elements characterized by a DNaseI hypersensitive peak are often not overlapping with H3K27Ac peaks, but instead are flanked by two prominent H3K27Ac peaks and overlap a less prominent H3K27Ac signal (47) . The SNP rs10810657 is positioned within one of the more prominent flanking H3K27Ac peaks and at this location the chromatin is not open (DNaseI track in Fig. 2 and EpiQ results in Fig. 4B ), while the position of rs12350379 is in the middle of the most prominent DNaseI peak and within the predicted melanocytespecific enhancer element. These observations together with the allelic distribution and the Sequence Ontology project classification suggests that rs10810657 is probably not the regulatory DNA variant involved in transcriptional regulation of BNC2, and we therefore focused our further investigations on rs12350379 and its surrounding region.
H3K27Ac ChIP-seq analysis in LP22 and DP74 revealed several H3K27Ac peaks within the BNC2 region, including the ones in the area around rs12350739 (Fig. 2C) . We confirmed the obtained H3K27Ac ChIP-seq results by ChIP-qPCR in 
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LP22 and in three additional cell lines; LP89, DP80 and DP83 (Fig. 4C) . Occupancy of H3K27Ac at rs12350739 was low in both LP22 and LP89, and relatively high in DP80 and DP83 (Fig. 4C) , H3K27Ac occupancy at rs12350739 corresponds with the genotypes, the EpiQ data, and expression levels of BNC2 in these cell lines. There was one exception; LP89 had the active and open rs12350739 genotype and EpiQ profile, but expressed BNC2 as low as LP22 did and had a similarly low H3K27Ac signal as LP22 (see Discussion).
To investigate whether the region around rs12350739 acts as an enhancer element, we cloned the rs12350739 region into a luciferase reporter vector. Upon transfection into human embryonic kidney cells (HEK293), no substantial increase in luciferase expression was detected for the vectors containing the rs12350739 region with the different alleles of rs12350739, when compared with the empty vector (Fig. 4D) . However, transfection of the constructs in melanoma G361 cell lines resulted in induced luciferase expression for both alleles, with an 1.5 times higher activity for the rs12350739-GG allele than for the rs12350739-AA allele (Fig. 4D, P , 0.0005) .
Taken together, these results demonstrate that the features of the rs12350739 region are consistent with those of an enhancer element, and the activity of this region depends on the allelic status of rs12350739.
Additional regulatory elements within the BNC2 locus and an alternative BNC2 promoter
In the initial H3K27Ac chromatin profile of the BNC2 locus, we observed several H3K27Ac peaks that could represent Figure 4 . The region around rs12350739 acts as an allele-dependent enhancer. Results of the EpiQ analyses at (A) the region around rs12350739 demonstrating that the chromatin is accessible for LP89 (GG), MP01 (AG), DP74 (AG), DP80 (GG) and DP83 (AG), while the chromatin is inaccessible for LP22 (AA) ( * * P , 0.02) and (B) at the region around rs10810657 demonstrating that the chromatin is fully closed in all cell lines at this SNP. (C) ChIP-qPCR of H3K27Ac in the rs12350739 region demonstrates the potential of an active enhancer present at this region in the dark-pigmented cell lines DP80 and DP83, but not in the light-pigmented cell lines LP22 and LP89 ( * P , 0.05). (D) Luciferase reporter assay demonstrates that the enhancer activity for the rs12350739 region is differential between the rs12350739-AA allele and the rs12350739-GG allele ( * * * P , 0.0005). Data are represented as mean + SEM.
additional regions with regulatory potential. We selected four regions (marked A -D in Supplementary Material, Fig. S3 ) for further analysis based on the following criteria; we included regions if they contained a robust H3K27Ac peak and a DNaseI hypersensitivity signal and if they displayed MITF binding. We investigated the potential contribution of these four regions (A-D) in determining pigmentation via the regulation of BNC2 transcription using EpiQ analysis, in combination with ChIP-qPCR for the active-enhancer mark H3K27Ac. Region A involves the canonical promoter region of BNC2; we profiled region A with EpiQ; the chromatin of the BNC2 promoter itself was moderately open in all cell lines, and decreased with distance as such that the chromatin at SNP rs10756819 was closed (Supplementary Material, Fig. S5A ). The association of rs10756819 with the expression pattern of BNC2 in skin epidermal samples was not statistically significant, whereas the association of rs2153271 with the expression pattern of BNC2 in skin epidermal samples was highly statistically significant (P , 0.001, data not shown). This was most probably due to the high linkage of rs2153271 with rs12350739 since the region around rs2153271 lacks chromatin features indicating regulatory potential. Two regions with regulatory potential stand out in the 3 ′ region of the BNC2 gene. Region C is located in intron 5 of BNC2 and region D is intergenic, 80 kb downstream from BNC2 (Supplementary Material, Fig. S5B ). EpiQ analysis revealed moderately open chromatin in both regions, which did not show correlation with BNC2 expression.
The most prominent H3K27Ac peak within the BNC2 locus is represented by region B. This region encompasses an MITFbinding site together with a tandem DNaseI hypersensitive peak and two YY1 sites, suggesting that this region actually consists of two regulatory elements B ′ and B ′′ . EpiQ analysis revealed that the chromatin in region B ′ was equally accessible in all cell lines, while accessibility was even more significant in the subregion B ′′ (Fig. 5A ). Region B ′ exhibited high and differential H3K27Ac ChIP-qPCR signals among the cell lines tested; LP22 and LP89 displayed low H3K27Ac enrichment when compared with DP80 and DP83 (Fig. 5B) . Notably, this corresponds with the expression pattern of BNC2; expression of BNC2 is low with low H3K27Ac enrichment in LP22 and LP89, when compared with higher H3K27Ac enrichment and higher expression of BNC2 in DP80 and DP83. Ensembl gene prediction suggests that several protein-coding transcripts originate in this region (ENST00000418777, ENST00000603713, ENST00000603313 and ENST00000468187) (45) . Therefore, we suggest that this region potentially acts as an alternative BNC2 promoter, rather than an enhancer element. To test this hypothesis, we investigated the occupancy of the major promoter-associated chromatin mark H3K4Me3 in the BNC2 region in two publicly available H3K4Me3 ChIP-seq datasets obtained from human skin melanocytes. This revealed two strong peaks in the BNC2 region, one at the canonical promoter and one at region B ′ . We confirmed the occupancy of H3K4Me3 by ChIP-qPCR in the light-pigmented cell line LP89 at the canonical promoter (Supplementary Material, Fig. S6A ) and at region B ′ in BNC2 (Supplementary Material, Fig. S6B ).
Binding of RNA Polymerase II, similarly tested with ChIP-qPCR in LP89, is relatively high at the alternative promoter and region B ′′ , which has several features consistent with an enhancer element, e.g. high H3K27Ac enrichment, low H3K4Me3 enrichment and binding of MITF and YY1 (Supplementary Material, Fig. S6B ). At the canonical promoter binding of RNA polymerase II is relatively low (Supplementary Material, Fig. S6A ), suggesting that transcription is higher downstream of the alternative promoter. We therefore analyzed RNA-seq data we obtained from four melanocyte cell lines (LP89, DP80, DP74 and MP01). This revealed that the majority of transcripts initiated at exon 3 and not at exon 1 (Supplementary Material, Fig. S6 ). We confirmed this finding by RTqPCR analysis of BNC2-expression levels at three different locations within the gene, using one primer set targeting mRNA upstream of the alternative promoter, and two primer sets targeting the mRNA downstream of the alternative promoter. Transcript levels measured upstream from the alternative promoter were significantly lower in all cell line samples, when compared with transcript levels downstream from the alternative promoter measured at two different locations, while expression patterns remained similar among the primer sets for all cell lines tested (see Fig. 5C , P , 0.02). Similar results were obtained when testing these three primer sets in the skin epidermal samples ( Fig. 5D , P , 0.0004).
In addition, we have noted the presence of a CpG island located within the potential alternative promoter region (see Supplementary Material, Fig. S6 ). Unless under positive selection, methylated C nucleotides tend to be eliminated during evolution and hence CpG islands are frequently found in TATA-less promoters (48) , as is the case for the canonical promoter of BNC2. Therefore, the presence of this CpG island in exon 3 of BNC2 supports our notion that region B ′ acts as an alternative BNC2 promoter.
From these findings, we conclude that an alternative promoter is present at exon 3 in BNC2, as the majority of BNC2 transcripts initiate from this location, and not from the canonical promoter. Furthermore, the chromatin features are consistent with active enhancers and/or promoters, transcription factor-binding sites for MITF and YY1 are present and a CpG island is located in this region.
DISCUSSION
GWASs provide extensive lists of SNPs statistically significantly associated with a variety of human traits including pigmentation. Many of these highlighted associated DNA variants are located within non-coding regions (intronic or intergenic) of the genome, and are therefore not directly affecting protein functions by altering the amino acid sequences. Therefore, the biological function behind such statistical associations often remains unknown since the association can stem from impeding another biological, e.g. regulatory function, or from linkage to another (functional) SNP (49, 50) probably due to the design of the SNP array used, and this can only by elucidated by subsequent experimental studies. Here, we studied the biology behind a recently identified skin color association signal in BNC2 and found that it was not the associated SNP rs10756819 itself but its LD partner rs12350739 located 14 kb upstream of BNC2 that was likely the functional DNA variant responsible for the skin color association signal of BNC2.
We demonstrated that the highly conserved region surrounding rs12350739 functions as an enhancer element for the nearby
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BNC2 gene, and that this function is dependent on the allelic status of rs12350739. When the rs12350739-AA allele is present, the chromatin at the region surrounding rs12350739 is fully inaccessible and the enhancer element was only moderately active. As a consequence, skin epidermal samples with the AA-allele display a low expression of the BNC2 gene, which corresponds with a light skin pigmentation phenotype. When the rs12350739-GG allele is present however, the chromatin at the enhancer is more accessible and the enhancer is active. This results in a higher expression of BNC2, corresponding with a dark skin pigmentation phenotype. We have identified rs12350739 as the causal, i.e. regulatory DNA variant for the BNC2 skin color effect by studying the linkage partners of rs10756819, the particular BNC2 SNP that was previously found to be highly associated with skin pigmentation (9) . It can be argued however, that other linkage SNPs are contributing to the variation in transcriptional regulation of BNC2. We have investigated the region containing the LD block in detail, considering the hallmarks of active enhancers, and found that only three SNPs are located in the vicinity of potentially regulatory regions; rs12350739, rs10810657 and rs2153271. Of these three SNPs, only rs12350739 turned out to be regulatory, and we consider it highly unlikely that other SNPs are functionally contributing to the transcriptional regulation of BNC2 in skin melanocytes.
Several candidate regulatory elements are present within the BNC2 gene, and it might be suggested that one of these elements is responsible for the regulation of BNC2 transcriptional variation. However, we find this hypothesis unlikely for several reasons. First, BNC2 was shown to be a pigmentation gene (10, 23, 25) , and the SNP associated with skin pigmentation and the LD block linked to rs10765819 are located within a narrow frame of 70 kb surrounding the canonical promoter of BNC2. In this window, only two regions displayed features of enhancer elements; the promoter and the identified enhancer, and we clearly demonstrated that the activity of this enhancer depends on the allelic status of rs12350739, which in turn corresponds with the expression levels of BNC2. Second, we also showed that the other candidate regions might display features of enhancers, but these features are not linked to the expression patterns of BNC2. However, we cannot fully exclude the possibility that other enhancer elements contribute to the variation in transcription of BNC2, although in skin melanocytes this potential contribution is probably minor compared with the effect of the rs12350739 enhancer element we identified here. Previously, it had been suggested that BNC2 acts on pigmentation through signaling from keratinocytes, rather than from melanocytes (10, 25, 34) . We demonstrated here that BNC2 is differentially expressed in melanocyte cell lines originating from differently pigmented donors, which suggests that BNC2 does act on pigmentation through melanocytes, at least in humans. We showed that the expression levels of BNC2 in melanocytes depend on the allelic status of BNC2 rs12350739, which in turn corresponds with the pigmentation phenotype. As was mentioned in the results chapter, there is one exception in our data; the light-pigmented cell line LP89 expresses BNC2 at low levels but carries the dark skin color-associated rs12350739-GG allele. Interestingly, genotype-based HIrisPlex analysis predicted that the LP89-donor has dark eyes and dark hair, even though LP89 is classified by the supplier as a light-pigmented cell line. Moreover, the expression levels of several pigmentation genes is reduced in LP89 when compared with those in the dark-pigmented cell lines (data not shown). EpiQ data demonstrate that chromatin at the rs12350739 enhancer region in LP89 is remodeled which is in agreement with the rs12350739-GG genotype. However, in LP89 acetylation of nucleosome H3 at lysine 27 at this region is compromised resulting into similarly low levels as in LP22 (AA-allele), which is in agreement with the BNC2-expression data. These findings for LP89 suggest that besides the identified rs12350739 enhancer, other, presumably trans-acting factors contribute to the transcriptional regulation of BNC2, acting at a step between chromatin remodeling and nucleosome acetylation. However, more work is needed to fully elucidate this mechanism.
BNC2 is suggested to function in mRNA processing (18, 20) and it was proposed that in zebrafish it targets the pigmentation genes kitlg and csf1 (26) . Although unraveling the biological function of BNC2 was not the scope of this study, we can confirm a positive correlation between the expression levels of BNC2 and the two proposed targets KITLG and CSF1 using our RNA-seq data in a subset of five human melanocyte cell lines (LP74, LP89, MP01, DP74 and DP80, data not shown). This correlation was absent for several other pigmentation genes.
BNC2 is known to have six promoters and many splicing isoforms, resulting in a potential of nearly 90 000 mRNA isoforms encoding .2000 different proteins (21) . Our data clearly show the presence of an alternative promoter initiating transcription at exon 3, confirming previous data that suggest the presence of this promoter at the same location together with the presence of five other minor human promoters for the BNC2 gene (15) . DNaseI sensitivity data in many different tissues suggest that this alternative promoter is very abundant (37, 51) , but interestingly, the DNaseI sensitivity peak 6 kb upstream of the alternative promoter that we observed in human skin melanocytes (Supplementary Material, Fig. S3 ) seems to be tissue specific as it is only detected in melanoma cell lines (37, 51) . It co-localized with H3K27Ac signals in our melanocyte cells and with binding sites for the transcription factors MITF and YY1, both essential for melanocyte biology. Furthermore, H3K4Me3 occupancy is low, making it unlikely that region B ′′ acts as another promoter. Instead, RNA polymerase II binding at this region is similar to that at the alternative promoter and to that at the rs12350739 enhancer element. It is therefore likely that this region acts as a tissue-specific enhancer element for the alternative promoter. We found a relatively modest, allele-dependent increase in luciferase expression for the rs12350739 enhancer element. It has been reported previously that genes can simultaneously be regulated by multiple enhancers which affects gene-expression amplitude (52) . Likewise, the genotype-dependent enhancer at rs12350739 in combination with the potential enhancer at region B ′′ could boost BNC2 transcription by both acting on the alternative promoter which might lead to a differentially expressed isoform that has a specific function in pigmentation pathways.
The DNaseI sensitivity peak that we observed for the enhancer element at rs12350739 is also present in a few other cell types, including fibroblasts, a glioblastoma cell line, melanoma cells and myometrial cells (37, 51) . BNC2 was shown to be involved in urethral development (53) , and recently, an eQTL study identified BNC2 to have a role in glioblastoma multiforme (54) . Furthermore, 12 SNPs in the BNC2 region were identified to be associated with ovarian cancer susceptibility and with ovarian abnormalities (55, 56) . Notably, these 12 SNPs all fall into the same LD block as rs12350739, and with a DNaseI peak present at the rs12350739 enhancer in myometrical cells, we suggest that the enhancer we identified at the region around rs12350739 in skin melanocytes is also active in uterine or ovarian tissue, which should be followed up in dedicated studies.
Several studies have shown that strongly associated SNPs identified by GWASs can have important regulatory functions. They are often located in enhancer elements, influencing the transcriptional regulation of the nearby gene in an alleledependent manner (recently reviewed in 57-59). So far however, only the biological functions of particular SNPs that were identified directly in the GWASs were elucidated. Here, we demonstrate with the example of BNC2 and skin color that it was not the SNP directly identified by association testing, but instead one of its LD partners that is likely the regulatory DNA variant responsible for the association signal. This DNA regulator is located in a highly conserved enhancer element outside the associated gene and regulates gene transcription depending on its allelic status, and the resulting differential gene expression in turn affects the trait variation.
MATERIALS AND METHODS

Skin sample collection
Skin samples were obtained with informed consent of left-over material from patients undergoing plastic or dermatological
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surgery. Care was taken to only collect healthy skin tissue that was non-sun exposed and not tanned by solariums. Patients were asked to fill in a questionnaire to obtain information concerning the pigmentation of their skin, eye and hair and more basic information as age, sex and geographical ancestry. Skin color reflectance was measured at the inner side of the upper arm with a spectrophotometer (Konica Minolta CM-600d). Individual typology angles (60, 61) were calculated with the obtained L, a and b values, and samples were categorized according to the ITA separation of light (above 418) and dark (under 288), for a graphical display of the ITA categories of the skin epidermal sample, see Supplementary Material, Figure S1 . This study was approved by the Medical Ethical Committee (METC) of the Erasmus MC (number MEC-2012-067).
Epidermal layer separation and RNA/DNA co-isolation from skin samples
All obtained small skin biopsies were immediately stored in RNAlater at 48C until further processing. Upon receiving the larger pieces of surgically removed skin tissue, all tissue other than skin (blood, fat, etc.) were removed while working on ice, after which the skin was cut into smaller pieces of 1 cm 2 on average, and stored in RNAlater at 48C until further processing. The epidermal layer of the skin, including the pigmentcontaining melanocytic layer, was removed from the dermal layer by first cutting the skin into pieces of 1 mm wide and 7 mm long and incubating the skin pieces for 30 min at room temperature in Ammonium Thio Cyanate solution (3.8% ATC in PBS) (62) . After carefully peeling off the epidermal layer from the dermal layer, the epidermal skin layers were stored in RNAlater at 48C until RNA/DNA co-isolation, or at 2808C for long-term storage. Epidermal skin tissue was lysed and RNA and DNA were co-isolated with the Qiagen Allprep mini kit according to the manufacturer's instructions for fibrous tissue. To remove PCR inhibiting substances such as melanin, DNA and RNA, samples were column purified (OneStep 
SNP genotyping
To obtain hair and eye color information for the six cell line samples and to confirm the obtained eye and hair color phenotype information of all skin biopsy samples, DNA samples of both sets were genotyped using the HIrisPlex assay as described by Walsh et al. (30) . The interactive HIrisPlex prediction tool was used to predict hair and eye color (30) . Snapshot analysis was used to genotype BNC2 SNPs. In short, primers were designed using primer3plus software, checked with AutoDimer for unfavorable primer interactions, and, in case necessary, optimized by increasing primer concentrations. Primer sequences are listed in Supplementary Material, Table S5 . Multiplex PCR amplification was performed using GeneAmp PCR Gold Buffer and AmpliTaq Gold DNA polymerase (Applied Biosystems), under the following cycling conditions: 10 min at 958C, followed by 30 cycles of 15 s at 948C and 45 s at 608C and a final extension of 5 min at 608C in a dual 364-well GeneAmp PCR System 9700 (Applied Biosystems). After ExoSAP-IT (USB) purification, multiplex single-base primer extension reactions were performed using SNaPshot Ready Reaction Mix (Applied Biosystems) in a dual 384-well GeneAmp PCR System 9700 (Applied Biosystems) under the following cycling conditions: 2 min at 968C, followed by 25 cycles of 10 s at 968C, 5 s at 508C, and 30 s at 608C. After SAPpurification of the reaction products, the extended primers were analyzed by capillary electrophoresis on a 3130xl Genetic Analyzer (Applied Biosystems) using POP-7 polymer. Data were analyzed using GeneMarker version 2.4.0 software (Softgenetics). To infer the geographic origin/genetic ancestry of the cell-line donors, 24 autosomal SNPs sensitive to detect continental ancestry were genotyped via two SNaPshot (Applied Biosystems) multiplex reactions as described elsewhere (32) . The continental ancestry of the samples was recovered by performing a STRUCTURE analysis (31) in which data from the HGDP-CEPH panel served as reference as described elsewhere (32) .
ChIP-qPCR and ChIP-seq
ChIP was performed as described in the Millipore protocol (http ://www.millipore.com/userguides/tech1/mcproto407), except that samples were cross-linked with 2% formaldehyde for 10 min at room temperature. To remove melanin, DNA was column purified prior to PCR (OneStep TM PCR Inhibitor Removal Kit, Zymo Research). Quantitative real-time PCR was performed using Universal SYBR green master mix Table S5 . Data represent at least two independent experiments. Student's two-tailed t-test was used to determine statistical significance. ChIP-seq analysis was performed as described previously (63) .
EpiQ qPCR-based EpiQ chromatin analysis assay (Bio-Rad Laboratories) was performed according to the manufacturer's protocol. To remove melanin, DNA was column purified prior to PCR (OneStep TM PCR Inhibitor Removal Kit, Zymo Research). Quantitative real-time PCR was performed using Universal SYBR green master mix (Bio-Rad Laboratories) under the following cycling conditions: 958C for 5 min, 45 cycles of 10 s at 958C, 30 s at 608C and followed by a melting curve analysis. PCR primers are listed in Supplementary Material, Table S5 . Data represent at least two independent experiments. Student's two-tailed t-test was used to determine statistical significance.
Transcription analysis
The RT reaction was performed using RevertAid TM H Minus First Strand cDNA Synthesis Kit (Fermentas GmbH) according to the manufacturer's instructions. Quantitative real-time PCR reactions for gene-expression analysis were performed using the iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories) with the following PCR parameters: initial denaturation at 958C for 5 min, followed by 45 cycles at 958C for 5 s and 608C for 30 s, followed by a melting curve analysis. Bio-Rad Software v1.5 in combination with Excel was used to analyze the qPCR data. The reference gene ACTB was used to normalize the amplification signal between samples, differences in treatment and amount of input cDNA. Primer sequences are listed in Supplementary Material, Table S5 . Data represent at least three independent qPCR experiments. Student's two-tailed t-test was used to determine statistical significance.
Luciferase assays
A 1524 bp fragment surrounding rs12350739 was PCR amplified from genomic DNA using the Expand long template PCR kit (Roche). The PCR fragment was digested with HaeI and SacI, generating a 599 bp fragment which was cloned into the HaeI/SacI sites of a modified pGL3-promoter vector (in which the SV40 promoter and the SV40 3 ′ UTR were replaced by an HSP promoter and an HSP 3 ′ UTR) (Promega). Inserts in each construct were verified by sequencing (Baseclear). Constructs were transfected into HEK293 or G361 melanoma cells using Lipofectamine LTX (Invitrogen), and luciferase expression was normalized to Renilla luciferase expression. Primer sequences are listed in Supplementary Material, Table S5 .
Data represent at least five independent experiments. Student's two-tailed t-test was used to determine statistical significance.
RNA sequencing
Two hundreds to 500 ng of total RNA extracted from the melanocyte cell lines LP89, MP01, DP74 and DP80 was used as starting input for the RNA-seq library preparation, following the protocols provided by Life Technologies. Briefly, total RNA was treated with RiboMinus Eukaryote kit v2 (Life Technologies) to remove rRNA. Then, rRNA-depleted RNAs were fragmented using RNaseIII. Whole transcriptome library was constructed using the Ion Total-RNA Seq Kit v2 (Life Technologies). Each library template was clonally amplified on Ion Sphere Particles (Life Technologies) using Ion One Touch 200 Template Kit v2 (Life Technologies). Preparations containing the RNA-seq libraries were loaded into 318 Chips and sequenced on the PGM (Life Technologies).
